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Abstract 

An experimental line of  sudangrass (Sorghum bicolor L. Moench) was included in the free-air 
CO2 enrichment (FACE) project in 1991 at the University of Arizona Maricopa Agricultural 
Center to evaluate the effect of ambient (approximately 370 #tool mol -l) and enriched (550 
#mol mol - l)  CO2 in well-watered or water-stressed plots. Our specific objective was to deter- 
mine modifications caused by these environmental effects on the percentages of morphological 
parts and the fiber components, and on the in vitro digestibility in vegetative and mature 
harvests. Enrichment with CO2 did not (P > 0.05) change the percentages of morphological 
parts or fiber components, or the digestibility of any of the morphological components. Protein 
levels tended to be lower in CO2-enriched plants. However, water-stressed plants tended to 
have a higher proportion of  leaves (blades and sheaths) and a lower proportion of stems, were 
more digestible, and had lower amounts of anti-quality, aromatic compounds within the plant 
cell. Stems had the highest digestibility of all morphological components (about 75% in 
vegetative plants) despite the lowest levels of protein. Stems also showed the greatest changes 
caused by all treatments, including a 20% decline in digestibility from vegetative to mature 
samples. The results indicate that enriching CO2 to 550 #tool mo1-1 did not reduce digestibility 
of sudangrass. 
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1. Introduction 

Studies indicate that atmospheric concentrations of CO2 are steadily increasing 
(Bacastow et al., 1985). Some reports suggest that current concentrations of about 
350 #mol mo1-1 might double during the next century (Houghton et al., 1990). 
Increased concentrations of CO 2 could have a dramatic effect on plants and, conse- 
quently, studies have been conducted in recent years to assess this effect on plant 
growth and physiology, agricultural yield, and economic consequences (reviewed by 
Kimball (1983) and Allen (1990)). One probable advantage of increased atmospheric 
concentrations of CO2 is that plant yield will be significantly increased. For example, 
Kimball (1983), in reviewing several studies of many agricultural crops, reported 
that overall yield may increase by 33% with a doubling of atmospheric CO2 
concentrations. 

Despite the advantage of increased yield, little is known about the quality of 
agricultural commodities that will be produced in an environment of increased 
CO2 levels. No results are available on changes in quality of forage for ruminants. 
The importance of forages to the economy is indicated by statistics, compiled for the 
USA in 1989, that reported hay production of 131 Mg (tonnes) with an economic 
value of over $11 billion (US Department of Agriculture, 1990). Further, changes in 
quality are important, as indicated by evaluations of bermudagrass (Cynodon dacty- 
Ion L. Pers.) cultivars, which showed that a 12% increase in its digestibility resulted in 
a 30% increase in mean animal weight gain (Lowrey et al., 1968). 

Sudangrass is a C4, drought-tolerant, high-yielding warm season annual grass that 
provides high-quality pasture, hay, and silage (Ball et al., 1991). Our specific objective 
was to evaluate changes in quality as a result of CO2 enrichment for sudangrass 
grown under wet and dry conditions. We assessed changes in the proportions of 
morphological parts and their in vitro digestibilities and chemical characteristics 
related to quality. 

2. Materials and methods 

2.1. Overall design and procedures 

This study was conducted as part of the free-air CO 2 enrichment (FACE) joint 
project of the US Department of Energy and the US Department of Agriculture, 
carried out at the University of Arizona Maricopa Agricultural Center in 1991 (Lewin 
et al., 1994). This design permitted plant growth under specific modifications of 
parameters in an otherwise natural environment, rather than growth in artificial 
laboratory conditions. Enriched CO2 was maintained at 550 #mol tool -1 within 
four circular plots (22 m diameter) from 05:00 to 19:00 h by computer-controlled 
instrumentation. Four replicate control plots had ambient concentrations of CO2 at 
about 370 #mol mo1-1 . Each of the main CO2 plots was split with regard to irrigation. 
Half of each plot was well-watered ('wet'), receiving a total of 701 mm water on a 3-5 
day schedule during the 16 week growth period of sudangrass. This amount of 
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irrigation was sufficient to replace the full consumptive use of crops. The other half of 
each plot was water-stressed ('dry'), receiving a total of 456 mm water over the same 
16 week period. The water was applied using a drip irrigation system with the tubes 
buried about 0.1 m under the rows. Equal applications of urea (about 15 kg ha- 1 N)  
were added through the irrigation system to all plots at approximately weekly inter- 
vals. The major crop for the study was cotton (Gossypium hirsutum L.), and the 
sudangrass was included in designated areas of each plot. Thus, there were 16 
semi-circular plots with two levels of CO2, two levels of irrigation, and four replicates 
of each treatment combination. 

2.2. Forage samples 

An experimental line of dwarf forage sudangrass (1985, RDC) was developed and 
supplied by W.W. Hanna (Coastal Plain Experiment Station, ARS-USDA, Tifton, 
GA). Sudangrass seeds were planted about 10 cm apart in two 1 m sections of row in 
each plot on 29 May, 1991, after young cotton plants were pulled from the rows. 
Plants were destructively harvested (i.e. all plant material was collected, including 
roots) twice. In the early harvest, on 22 July, at approximately 8 weeks of age, every 
third plant within the rows was collected. Most of these plants were vegetative, with 
only a few having immature seed heads. In the late harvest, on 16 September, at 
approximately 16 weeks of age, the remaining plants within the rows were 
collected. These plants were mature, having fully developed seed heads. After 
harvest, intact plants were placed in glasshouses and air-dried for several weeks. 
Morphological parts of the dried plants were separated, freeze-dried, and weighed. 
Roots were washed to remove the soil before freeze-drying. Leaf blades, leaf sheaths, 
and stems were ground in a Wiley mill to pass a 1 mm screen for fiber and protein 
determinations and for in vitro evaluation of digestibility. 

2.3. Analyses 

Single samples from each replicate were analyzed for neutral detergent fiber (NDF) 
(Van Soest and Wine, 1967), acid detergent fiber (ADF), acid detergent lignin (ADL) 
(Van Soest, 1963), permanganate lignin (PML) (Van Soest and Wine, 1968), and 
protein (Association of Official Analytical Chemists (AOAC), 1980). Feed analyses, 
based on a series of detergent extractions, are used to assess the various chemical 
fractions of the forage and, thereby, to estimate forage quality and especially digesti- 
bility by rumen microorganisms (Van Soest, 1967; Barton et al., 1976). The NDF 
treatment separates the soluble components from the fiber, thereby providing an 
estimate of the cell wall content (Van Soest and Wine, 1967). The NDF fraction 
contains potentially digestible, structural carbohydrates (e.g. cellulose and much of 
the hemicellulose) and the nondigestible aromatic components (e.g. lignins). Phenolic 
compounds limit digestibility of the potentially degradable polysaccharides through 
association with condensed, polymeric aromatics (i.e. lignins) and also through 
covalently linked phenolic acids. The ADF and ADL treatments remove the less 
tightly associated structural carbohydrates of the cell wall, thus providing an 



282 D.E. Akin et al. / Agricultural and Forest Meteorology 70 (1994) 279-287 

assessment of  the mos t  refractory carbohydrates  b o u n d  with the aromat ic  consti-  

tuents  in the cell wall (Akin et al., 1975). The t reatments  to estimate l ignin (i.e. 

A D L  and  P M L )  do not  provide a precise character izat ion of  the chemical na ture  

of  the a romat ic  compounds ,  which p robab ly  differ for the two procedures (Van Soest 
and  Wine,  1967). 

Fo r  in vitro digestibility, the Tilley and  Terry (1963) two-stage procedure was used 
to analyze duplicate  samples per replicate. 'Summat ive  digestibilities'  were calculated 
to est imate the digestibility of  the shoots. Fo r  these results, the percentage of  each 
morphologica l  c o m p o n e n t  was calculated from the total  weight of leaf blades, leaf 
sheaths, and  stems. This percentage was mult ipl ied by the digestibility coefficient for 

each componen t ,  and  the products  for blades, sheaths and  stems were summed.  

2.4. S ta t i s t i cs  

Data  were analyzed using the procedure of  the Statistical Analysis  System Int i tu te  

Inc. (1985) for a split plot  experiment  with repeated measurements .  Error  term (a), to 
test the ma in  effect (enriched CO2 t rea tment  vs ambient) ,  was the residual sum of  
squares f rom t rea tment  x ring, with three degrees of  freedom. Error  term (b) in the 

subun i t  analysis  was the residual sum of  squares. 

3. Results 

The percentages of  total  dry weight par t i t ioned a mong  the various morphological  

Table 1 
Percentage of total dry weight in various morphological components of sudangrass grown in control 
(ambient - -  about 370#molmo1-1) and FACE (enriched to 550#molmo1-1) CO2 concentrations and 
with well-watered (wet) and water-stressed (dry) levels of irrigation 

CO2 Treatment Irrigation Percentage morphological components d 

Leaf blades Leaf sheath Stems Flowers Roots 

Early harvest 
Control Wet 40.8 5:3.8 ab 16.1 ± 1.3 a 31.1 4- 3.2 a 0.40 ± 0.37 a 11.6 ± 2.4 a 
Control Dry 46.8 ± 2.3 c 18.0 ± 0.4 b 22.5 5:3.2 b 0.03 ± 0.05 b 12.7 ± 1.3 a 
FACE Wet 38.8 ± 2.3 b 16.15:1.2 a 31.6+3.3 a 0.08 ± 0.15 b 13.4 ± 1.3 a 
FACE Dry 44.9 ± 2.4 a¢ 17.3 ± 0.9 ab 25.7 ± 2.5 b 0 b 12.1 ±0.9 a 

Late harvest 
Control Wet 21.5 4, 3.3 ab 11.8 4, 0.5 a 55.0 4- 7.6 a 6.8 4- 2.2 a 5.0 4. 4.7 a 
Control Dry 22.3 4. 1.7 a 10.8 ± 1.9 a 50.5 ± 5.7 a 9.8 ± 5.2 a 7.0 ± 4.2 a 
FACE Wet 17.8 ± 1.0 b 10.3 4. 1.0 a 55.0 ± 6.3 a 12.8 4- 3.8 a 4.5 ± 6.4 a 
FACE Dry 21.5 ± 3.0 ab 11.0 ±2.4 a 51.5 ± 8.2 a 10.0±4.3 a 5 . 8 4 - 5 . 9  a 

d Average + standard deviation for four replicates. 
aee Different superscripts for values within a plant component within a harvest indicate significant 
differences, P ~< 0.05. 
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parts (Table 1) were not different (P > 0.05) as a result of C O  2 treatment, but 
differences occurred between irrigation treatments. Leaf blades and sheaths were 
greater (P ~< 0.05), or tended to be greater, in plants grown under water stress in 
the early harvest; stems contributed a higher proportion of biomass for well-watered 
plants in both harvests. In the early harvest, plants were generally pre-flowering, but 
water stress tended to delay maturity, as shown by a lower proportion of plants 
having flowers. 

In vitro digestibilities for the various morphological parts (Table 2) were not 
different (P > 0.05) with CO2 treatments, but consistent trends occurred with the 
irrigation treatments. Leaves and stems grown under water stress were more digested 
(P ~< 0.05), or tended to be more digested, than those of plants grown with ample 
water, and this phenomenon was significant (P ~< 0.05) in late-harvested stems for 
both CO2 levels. The order of digestibility was stems > leaf blades > leaf sheaths 
for both harvests. When digestibilities of morphological parts were considered for 
all four treatments, the decline in digestibility from early to late harvest was 20%, 9%, 
and 18% for stems, blades, and sheaths, respectively. 

Fiber and protein concentrations for the various morphological parts of sudan- 
grass were generally not different (P > 0.05) with CO2 treatment (Table 3). Two 
exceptions were that CO2 enrichment increased (P <~ 0.05) NDF in early-harvested 
leaf blades and decreased (P ~< 0.05) stem protein in both harvests. Trends, however, 
were apparent between irrigation treatments, but these varied for the chemical com- 
ponents and for the harvests. For all morphological parts, early-harvested and water- 
stressed plants had lower (P ~< 0.05) amounts of ADF, and stems also had lower 
(P ~< 0.05) NDF amounts. In the late-harvested plants, the most consistent trend 

Table 2 
In vitro digestibility of morphological parts of sudangrass grown in control (ambient - -  about 370 #mol-  
tool -1) or FACE (enriched to 550 #mol mol -I)  CO2 concentrations and with well-watered (wet) or water- 
stressed (dry) levels of irrigation 

CO 2 Treatment Irrigation Percentage in vitro digestibility d 

Leaf blade Leaf sheath Stem 

Early harvest 
Control Wet 64.9 4- 2.0 ab 60.6 4- 1.1 ab 74.2 4- 3.3 a 
Control Dry 65.8 4- 2.9 a 62.1 4- 1.6 ac 77.4 4- 3.4 a 
FACE Wet 64.7 ± 1.5 ab 59.7 4- 0.8 b 76.3 4- 2.2 a 
FACE Dry 62.5 4- 0.9 b 63.9 4- 1.7 c 77.6 4- 1.7 a 

Late harvest 
Control Wet 56.6 4- 2.3 a 51.3 4- 2.4 a 59.0 4- 2.6 a 
Control Dry 59.4 4- 3.0 a 50.9 ± 1.7 a 63.8 4- 2.2 b 
FACE Wet 58.6 + 1.7 a 50.2 + 3.3 a 59.1 4- 1.2 a 
FACE Dry 59.8 4- 1.9 a 50.9 4- 2.9 a 63.0 4- 3.3 b 

d Average + standard deviation for four replicates. 
abe Different superscripts for values within a plant component within a harvest indicate significant 
differences, P ~< 0.05. 
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Table 3 
Chemical composition of morphological components of sudangrass grown in control (ambient - -  about 
370/zmol mo1-1) or FACE (enriched to 550/zmol mo1-1) CO2 concentrations and with well-watered (wet) 
or water-stressed (dry) levels of irrigation d 

CO 2 Treatment Irrigation Percentage components in early harvest 

Neutral Acid Acid Permanganate 
detergent detergent detergent lignin 
fiber fiber lignin 

Protein 

Leaf blade 
Control Wet 60.7 ± 1.2 a 26.4 4- 1.3 ab 3.1 ± 0.1 a 5.9 ± 1.6 a 19.9 5= 1.0 a 
Control Dry 60.3 4- 1.3 a 24.4 ± 0.5 c 3.1 ± 0.2 a 4.9 4- 0.2 a 18.6 ± 0.8 a 
FACE Wet 62.9 4- I. 1 b 27.3 4- 0.8 a 3.3 ± 0.3 a 5.8 4- 0.5 a 18.9 4- 1.4" 
FACE Dry 61.6 ± 0.6 ab 25.7 4- 1.3 be 3.2 4- 0.2 a 5.8 4- 1.7 a 19.1 4- 0.7 a 

Leaf Sheath 
Control Wet 65.4 4- 0.7 a 35.7 4- 0.8 a 4.1 • 0.2 ab 7.5 4- 1.0 a 6.3 ± 0.2 a 
Control Dry 62.7 4- 0.3 b 31.6-t-0.7 b 3.9 ± 0.2 b 6.2 ± 0.3 a 6.24- 1.7 a 
FACE Wet 64.7 + 1.9 ac 35.4 4- 0.3 a 4.9 ± 1.3 a 7.0 ± 0.1 a 5.6 + 0.3 a 
FACE Dry 63.44-0.6 bc 32.5=t=1.5 ~ 3.9 ± 0.1 b 7.1 ± 1.4 a 6.2 ± 0.5 a 

Stem 
Control Wet 54.5 ± 1.5 a 31.0 ±0.6 a 6.0 ± 5.0 a 6.1 ±0.5 a 5.1 ±0.3 ab 
Control Dry 48.6 4- 4.2 b 25.5 ± 2.5 b 4.9 ± 3.8 a 4.7 ± 0.4 b 8.3 ± 0.8 c 
FACE Wet 54.2 4- 2.0 a 31.3 ± 1.5 a 3.4 5= 0.5 a 5.9 ± 0.3 a 4.5 ± 0.6 b 
FACE Dry 50.6 4- 1.9 ab 27.5 4- 1.9 b 3.1 ± 0.4 a 5.7 ± 0.5 a 6.0 4- 0.8 a 

d Average 4- standard deviation for four replicates. 
~bc Different superscripts for values within a plant component within a harvest indicate significant 
differences, P ~< 0.05. 

w a s  in  t h e  c o n c e n t r a t i o n s  o f  A D F ,  A D L ,  a n d  P M L ,  w h i c h  we re  l o w e r  ( P  ~< 0.05) ,  o r  

t e n d e d  to  be  l o w e r ,  f o r  p l a n t s  g r o w n  u n d e r  w a t e r  s t ress .  G e n e r a l l y ,  t h e  N D F  a n d  

l i g n i n  c o n c e n t r a t i o n s  i n c r e a s e d  f r o m  e a r l y - h a r v e s t e d  to  l a t e - h a r v e s t e d  p l a n t s  f o r  al l  

m o r p h o l o g i c a l  p a r t s .  A l t h o u g h  g e n e r a l l y  n o t  s i gn i f i c an t  ( P  > 0.05),  p r o t e i n  c o n c e n -  

t r a t i o n s  ( T a b l e  3) s h o w e d  a t r e n d  f o r  l o w e r  v a l u e s  w i t h  CO2 e n r i c h m e n t ,  a n d  v a l u e s  

w e r e  l o w e r  ( P  ~< 0.05)  f o r  p r o t e i n  in  F A C E  s tems .  P r o t e i n  a m o u n t s  w e r e  l o w e s t  in  

s t ems ,  d e s p i t e  t h e  h i g h e s t  d i g e s t i b i l i t y  f o r  th i s  p a r t ,  a n d  a m o u n t s  w e r e  s i g n i f i c a n t l y  

h i g h e r  ( P  ~< 0.05)  in  w a t e r - s t r e s s e d  p l a n t s ,  r e g a r d l e s s  o f  CO2  t r e a t m e n t .  

' S u m m a t i v e  d i ge s t i b i l i t i e s '  ( T a b l e  4) i n d i c a t e d  t h a t  CO2  e n r i c h m e n t  d i d  n o t  a l t e r  

t h e  o v e r a l l  d i g e s t i b i l i t y  o f  p l a n t  s h o o t s .  W i t h  a m p l e  w a t e r ,  t h e  p e r c e n t a g e  d e c r e a s e  in  

d i g e s t i b i l i t y  f o r  e a r l y - h a r v e s t e d  a n d  l a t e - h a r v e s t e d  s h o o t s  was  1 5 % ,  w h e r e a s  t he  

d e c r e a s e  w a s  o n l y  1 0 %  w i t h  w a t e r - s t r e s s e d  p l a n t s ,  r e g a r d l e s s  o f  CO2 c o n c e n t r a t i o n .  

4. Discussion 

F o r a g e s ,  s u c h  as  t he  s u d a n g r a s s  u s e d  in  t h e  p r e s e n t  s tudy ,  a r e  c o m p o s e d  o f  p l a n t  

cell  wa l l s  (i.e. f ibe r )  a n d  s o l u b l e  c o m p o n e n t s  i n s i d e  t h e  cells.  S o l u b l e  c o m p o n e n t s  (e.g. 
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Table 4 
Summative digestibilities o f  sudangrass  plants grown in control (ambient - -  about  370 #molmo1-1) and 
FACE (enriched to 550#molmo1-1)  CO2 concentrations and with well-watered (wet) or water-stressed 
(dry) levels of  irrigation 

CO 2 Treatment  Irrigation Percentage in vitro digestibility d 

Early harvest Late harvest 

Control Wet 67.5 4- 2.0 a 57.6 + 1.6 a 
Control Dry 68.1 4- 1.1 a 61.2 4- 1.9 b 
FACE Wet 67.9 + 1.1 a 57.9 + 0.8 a 
F A C E  Dry 67.2 + 0.8 a 60.5 ± 2.9 ab 

d Average 4- s tandard deviation for four replicates. 
abe Different superscripts for values within a plant component  within a harvest indicate significant 
differences, P ~< 0.05. 

sugars and proteins) are virtually 100% digestible, but plant cell walls vary in bio- 
availability (Van Soest, 1967). Although the amount of cell walls per se can influence 
digestibility, the greatest limitation to plant digestibility is the association of struc- 
tural carbohydrates of the cell wall (e.g. hemicellulose) with phenolic compounds 
(Akin and Chesson, 1989; Hartley and Ford, 1989). Therefore, the amount and 
type of fiber has a dramatic influence on forage digestibility (Akin, 1989). 

The CO2 treatment did not alter the in vitro digestibility or the chemical com- 
ponents (i.e. aromatics) most limiting cell wall digestibility for sudangrass. Irrigation 
treatment often altered digestibility, with water-stressed plants tending to have a 
higher digestibility and lower amounts of phenolic compounds in the fiber. This 
effect was more pronounced in the stem component. In addition to the fiber com- 
ponents, protein amounts in stems were higher in water-stressed plants, but this 
component did not appear to have a substantial influence in the in vitro procedure, 
where N was not limiting. Our data are in agreement with those of Wilson (1982), 
who, based on studies in the literature assessing environment and digestibility, con- 
cluded that light to moderate drought stress increased digestibility compared with 
that of well-watered plants. The lower contents of stem, lignin, and flowers support 
the contention of Wilson (1982) that plant aging may be slower in plants receiving less 
water. 

The treatments influenced the digestibility of the stem component more than that of 
the other components of sudangrass. Although stems are often lower in digestibility 
than leaves (Pritchard et al., 1963; Twidwell et al., 1991), this component of sudan- 
grass in the present study had the highest digestibility. Other work (D.E. Akin, 
unpublished data, 1992) indicated that both pith and rind of sudangrass are poten- 
tially highly digestible in young stages. Plant cell walls have been reported in general 
to decline in digestibility with increased maturity (Van Soest, 1967). The steep decline 
in stem digestibility with maturity found in this study is in agreement with other data 
showing that maturity reduces stem digestibility to a greater extent than that of leaves 
(Pritchard et al., 1963). 

We are not aware of any previously published work on the effect of CO2 enrich- 
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ment on forage digestibility. However, unpublished results (D.E. Akin and H.B. 
Johnson, 1992) indicated that leaves and stems of wheat (Tr i t icum aest ivum L.) did 
not differ in digestibility when produced under ambient (350 #tool mo1-1) or sub- 
ambient (220 and 250 #mol mo1-1) concentrations of  CO2; water stress resulted in 
improved digestibility of stems, regardless of CO2 concentration. Similarly, 
preliminary work (D.E. Akin, unpublished data, 1993), with wheat grown in a 
similar FACE project to that described above, indicated that enriched CO2 concen- 
trations have little effect on digestibility. A previous study (Kimball et al., 1987), 
involving beet armyworm herbivory of  cotton, led to the conclusion that cotton 
grown under CO2 enrichment (650 #mol mo1-1) was of  lower nutritive value to 
insects than plants grown under ambient CO2 concentrations. Further, some plants 
respond to enhanced CO2 with increased starch grains and alterations in plant 
anatomy (Thomas and Harvey, 1983; Vu et al., 1989), both characteristics which 
potentially influence biodegradability (Akin and Burdick, 1977; Akin, 1989). The pre- 
sent study of sudangrass, using the mixed rumen microbial population that includes 
microorganisms potentially able to catabolize all carbohydrates within the plant, 
indicated that the digestibility of this forage was not altered by CO2 enrichment. 
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